The nucleotide (base) sequence of the genome might reflect biological information beyond the coding sequences. The appearance frequencies of successive base sequences (key sequences) were calculated for entire genomes. Based on the appearance frequency of the key sequences of the genome, any DNA sequences on the genome could be expressed as a sequence spectrum with the adjoining base sequences, which could be used to study the corresponding biological phenomena. In this paper, we used 64 successive threebase sequences (triplets) as the key sequences, and determined and compared the spectra of specific genes to the chromosome, or specific genes to tRNA genes in Saccharomyces cerevisiae, Schizosaccharomyces pombe and Escherichia coli. Based on these analyses, a gene and its corresponding position on the chromosome showed highly similar spectra with the same fold enlargement (approximately 400-fold) in the S. cerevisiae, S. pombe and E. coli genomes. In addition, the homologous structure of genes that encode proteins was also observed with appropriate tRNA gene(s) in the genome. This analytical method might faithfully reflect the encoded biological information, that is, the conservation of the base sequences was to make sense the conservation of the translated amino acids sequence in the coding region, and might be universally applicable to other genomes, even those that consisted of multiple chromosomes.
INTRODUCTION
It was well known that there were structural hierarchies in the genome, such as the chromosome, nucleosome, ORF (open reading frame) and so on [1] . Among them, much attention have been paid to the ORF, and many research projects were being performed from the viewpoint of protein function using methods such as proteome and transcriptome analyses [2] [3] [4] [5] . Many studies of entire genome sequences have been reported [6] [7] [8] [9] [10] [11] , although complete genome base sequences have only been revealed within the last 10 years or so. However, we currently have limited tools to analyze a large-scale molecule such as a whole genome, including pertinent hard-and software. It was very important to investigate the structural features of the entire genome because the four bases could be arranged in a sophisticated fashion in the genome, and in principle the base sequences might be reflected in the conformations of protein, RNA and DNA. In other words, if we could identify a meaningful structure, or an analytical method for analysis of the genome, we could also obtain important information about the functions of protein, RNA and DNA from that structure.
The four bases in genomic DNA were arranged sophisticatedly in all organisms and distinguish the coding-and the non-coding region clearly on the genome. By analyzing the appearance frequency of the bases, it was shown that first, the symmetry [8] [9] [10] [11] , second, the bias [12] [13] [14] [15] and third, the fractality [16] [17] [18] [19] could be necessary to generate genome base sequences. We analyzed genome structure based on the appearance frequency of genome base sequences [20] . We have studied many genome sequences down-loaded from databases like NCBI [21] , and calculated the appearance frequencies of an optional base sequence (key sequence) in a genome.
Subsequently, we determined the sequence spectra of chromosome, gene and DNA from the key sequence of the genome (chromosome), and analyzed both the coding-and non-coding sequences because the key se-quences were used throughout the genome in cells. However, in the coding regions in the DNA, the appearance frequencies of the key sequences of an individual gene should vary in the genome because the protein-encoding gene and the adjoining (5'-and 3'-) non-coding base sequences were different. In other words, the appearance frequencies of the base sequences should be different for each gene. Even if the base sequences of the gene were identical, the adjoining base sequences differ, suggesting that each DNA sequence might have an effect on the expression of the gene and function as an informative DNA molecule [20] .
Each gene was transcribed to mRNA, and translated to a protein on the ribosome (polyribosome) according to the DNA sequence of each coding region. In other words, the biological information of DNA (base sequence) should be transferred to protein via mRNA (base sequence). That is, the information of the base sequence of DNA was transformed to the amino acid sequence by tRNAs corresponding to the base sequences of the mRNA on the ribosome [22] .
However, the coding regions varied in individual genomes and species [23, 24] . The non-coding sequences might be necessary to precisely, rapidly, and consistently regulate gene expression [24, 25] . In other words, the genome might be a "field" on which the four bases were sophisticatedly arranged into genes that were regulated and expressed to carry out the biological phenomena of life. Therefore, analytical methods to characterize genome structure were needed to understand the encoded biological phenomena.
In this study, we developed an analytical method based on the frequencies of the nucleotide (base) sequences in the whole genome according to the flow of biological information, and focused on the self-similarity in the genomes of S. cerevisiae and S. pombe, where most of the genes had introns, and E. coli, in which most of genes were in operons.
MATERIALS AND METHODS

Sequence Spectrum Method (SSM)
The outline of the proposed method was as follows. The base sequence of interest was sectioned by a small number of bases from the top (5'-end). The sectioned base sequence was called the key sequence. In the case of three successive base sequences (d = 3), the appearance frequencies of the 64 triplets (the genetic codon) were shown in Table 1 (key sequence at d = 3). The key sequences of the nine successive base sequences (d = 9) was 262,144 sequences (= 4 9 , ref. 20) . The appearance frequency of the key sequence was counted in the entire genome, and was plotted at the position of the first base of the key sequence as described in the next paragraph of the Materials and Methods. These procedures were carried out for the entire base sequence of interest with one base shift (p = 1). The next step was to average the appearance frequencies so that a recognizable pattern of appearance frequency was obtained for the base sequence. This pattern of the averaged appearance frequency was called the "sequence spectrum". Finally, the homology factor between two sequence spectra was calculated to determine the degree of homology. The exact procedure was explained below in a mathematical way.
Let S be an entire set of base sequences, and B = [b i ] be a partial set of interest in S. A base element was denoted by b i (I=1, ... , M), and M was the base sequence size of B. The base element b i become A (adenine), T (thymine), G (guanine) or C (cytosine). The key sequence k i and the appearance frequency f i were defined for b i as follows.
Key sequence k i : base sequence comprised of sequential base elements b i~bi+d-1 (d : base size of the key sequence)
Appearance frequency f i : appearance count of k i in S The key sequence k i was compared with the base sequence of the entire set S, and the appearance frequency f i was increased by one every time the key sequence k i matches the partial base sequence of the entire set S. This procedure was iterated for all key sequences k i to obtain f i (I = 1, ... , M). Consequently, the appearance frequency vector F = [f i ] (I = 1, ... , M) was determined (actually, the appearance frequencies for the last (d-1) base elements of B could not be calculated; however, this was neglected because M >> d-1).
Next, the appearance frequency f i was averaged as follows:
where the parameter m was average width. This averaged appearance frequency Fs = [f si ] (I = 1, … , M) was called the "sequence spectrum". The next step was to calculate the homology factor to determine the degree of homology. The homology factor determines the homologous region of a target base sequence with respect to a reference base sequence. In order to derive the homology factor, the mutual correlation function MF was calculated as The mutual correlation function MF ranges from -1 to 1, and then the homology factor HF was defined as
The higher the homology factor, the more homologous the sequence spectra were. The homologous regions of the target base sequence with respect to the reference base sequence were obtained by calculating the homology factors HF k for all k (k = 0, ... , Mt-Mr), and targeting the regions with higher homology factors.
When the target base sequence was very large, elements of the target sequence spectrum were skipped by the size factor p to reduce the size as follows.
For instance, when p = 2 
Appearance Frequencies of Bases or Base
Sequences.
In order to analyze the structure of the base sequence, the most appropriate parameter was considered to be the appearance frequency. For three successive bases (triplets), the appearance frequency was counted for the entire genome by matching the triplet from the start of the base sequence in a genome with one base shift (p = 1) as follows. Ex. Triplet bases: AAT AAT (one base shift) BaseSequence:
5'-ATCGAATCCGTAATTCGGAGTCGAATT-3' Count of AAT: 1 2 3
3. RESULTS Figure 1 showed the sequence spectrum of the F 1 F 0 -ATPase subunit gene ATP1 [26, YBL099W] in Saccharomyces cerevisiae. In this figure, the vertical parameter of the sequence spectrum f si was not designated, and it was scaled properly because the shape of the sequence spectrum only makes sense in this manuscript. The horizontal parameter was the base sequence number i (I=1, ... , M), and it was also omitted in the following figures because it was easily derived from the base sequence size M. Controllable parameters in the sequence spectrum were the base size d of the key sequence, the average width m, and the size factor p (skipped base numbers). The parameter d determines the highest resolution for extracting the structural features of the base sequence. In this report, we used the key sequence as d = 3 (appearance frequency table of triplet, Table 1 ) for numerical experiments of the homologous structure discussed in the following sections.
Sequence Spectrum
However, as shown in Figure 1 , smaller m-values caused a harder zigzag pattern of the sequence spectrum, and eventually it become more difficult to identify the structure of the base sequence (Figure 1(a) ). Therefore, large m-values were usually used to obtain the overall features of the structure, and smaller m-values were applied to investigate the structure in detail (Figure 1(b) ). The value of m normally ranges from 1/10 to 1/100 of the base sequence size. In this manuscript, m = 2 for a tRNA, m = 60 for a gene, and m = 8,000 for a chromosome. The size factor p was adjusted to the base sequence size especially when the homology factor between a small reference and a large target was calculated.
The possible appearance frequencies f i of key sequences k i were calculated for the entire set S in advance. The appearance frequency table depended on the entire set S, and in general S was the genome of the target species.
Reverse-Complement Symmetry in the
Appearance Frequency Table   Table 1 showed the appearance frequencies (3 successive base sequences = triplet, d = 3) of the key sequence for Saccharomyces cerevisiae (a), Schizosaccharomyces pombe (b), and Escherichia coli (c). This table gave some important features about the genome. In the case of S. cerevisiae, first, it was notable that the appearance frequencies of the key sequence and its reversecomplementary key sequence were almost the same. The reverse-complement key sequence was derived from reversing the base order of the original key sequence in S. cerevisiae, exchanging A and T, and exchanging G and C. For example, the appearance frequency of 5'-ATT is 358,051 and that of 5'-AAT was 359,378. The difference was less than 1%. The largest difference was about 2% for 5'-GGG (81,268) and 5'-CCC (82,880). This fact is valid regardless of the species, such as Escherichia coli (Table 1(b) ) or Schizosaccharomyces pombe (Table 1(c) ). This reverse-complement symmetry led to the fact that the numbers of A and T were almost equal, and the numbers of G and C were almost equal. Generally it was well known that the numbers of A and T and the numbers of G and C were the same due to the double helix structure of DNA. However, in this case, this coincidence of base numbers occurred in the genome, so it had nothing to do with the double helix structure. Therefore, the coincidence of base numbers occurred when the base sequence size was very large even in a single strand. Actually this reverse-complement symmetry occurred in each chromosome as well.
On the other hand, it did not occur when the base sequence size was not large enough. For instance, the base sequence size of a single gene was not adequate. The fact that the appearance frequencies of the key sequence and its reverse-complementary key sequence were almost equal implies that there must be a certain amount of symmetry in the genome.
Second, the appearance frequency (in parentheses) for each key sequence was not random, but some of the key sequences had very close appearance frequencies even when they did not have a complementary relationship. For example, in the case of S. cerevisiae, the key sequences 5'-AAC (219,288), 5'-ATC (214,197) and 5'-ACA (208,942) had close appearance frequencies of about 210,000, and those of the key sequences 5'-ACG (106,020), 5'-CGA (110,589) and 5'-GAC (110,874) were about 110,000. These different key sequences with close appearance frequencies might have a similar effect on the sequence spectrum. In other words, single-stranded DNA with base-symmetry might be able to make many double-helical stems in a molecule, and the peaks of the sequence spectrum, the "up" of the double-helical stem might have the same effect on the "down" of it. Needless to say, these facts were valid regardless of the species.
Homologous Structure in Genomes (Enlargement-Reduction of the base Sequence)
ATP1 (YBL099W) of S. cerevisiae was present on the left arm of chromosome II (37,045-38,679 from the left telomere). Figure 2 showed the spectra of ATP1 (1,638 nt, Figure 1(b) ), and (a) chromosome II (813,139 nt), respectively. The red arrowhead indicated the position of ATP1 on chromosome II [27, 28] . When the spectrum of ATP1 (1,638 nt) was skipped 3 bases and the homology analyzed between chromosome II and the skipped-ATP1, the red-region (20,401 ~ 60,401 = 40,000 nt) of chromosome II was homologous to the 3 bases-skipped-ATP1 (1,341 ~ 1,638 = 297 nt) (Figure 2(b) , HF of the red-region of chromosome II to the purple-region of ATP1 = 95%). When ATP1 was skipped 10, or 16 bases, the homologous area of ATP1 to the red-region of chromosome II was enlarged to 990 nt (Figure 2(c) , 648 ~ 1,638), or 1,584 nt (Figure 2(d) , 54 ~ 1,638), respectively. That is, the base sequence of the complete ATP1 gene had self-similarity to the gene-position on chromosome II. Other genes of S. cerevisiae were highly homologous with the gene-position of each chromosome irrespective to the sizes, the order, the direction of transcription and the chromosomes. The fold-enlargement of the gene to each chromosome was calculated as approximately 400-fold (Table 2(a) ).
The same relationship of the enlargement-reduction of the chromosome-gene was observed in S. pombe (eukaryotic cells, Table 2(b)) and E. coli (prokaryotic cells, Table 2 (c)). In the case of small intron-containing genes in S. pombe, and genes in operons in the E. coli genome, the homology condition of the base width was also 100 nt, like that of the S. cerevisiae genome. Therefore, the homology pattern in a wide range of organisms might be dependent on the base sequence sizes for the gene analyzed. In any case, in the S. cerevisiae, S. pombe and E. coli genomes, genes and the base sequence near the chromosomal position of the gene had self-similarity with each other in the same ratio, approximately 400-fold. In some preliminary experiments, we observed the self- similarity of a gene to the chromosomal position in H. sapiens (for instance, Hs.5174 and chromosome 22; data not shown). This self-similarity might be universal in all species.
Homologous Structure in tRNAs (Enlargement-Reduction of the Base Sequence)
If a homologous structure was general, it must exist not only in protein-coding genes but also in RNA genes. Actually, the sequence spectrum of each gene was more than 80% similar to the tRNA genes in S. cerevisiae, S. pombe and E. coli (Table 3) . Most amino acids have plural genetic codons. Each genetic codon had plural tRNA genes on several different chromosomes. How were the plural tRNA genes used properly to construct proteins during the transformation of the biological information in organisms? The genetic codons for glutamate (Glu) were 5'-GAA and 5'-GAG. In S. cerevisiae, the nuclear-encoded Glu(GAA)-tRNA genes were 14 on various chromosomes, and all of them were composed of 72 identical nucleotides (bases). Three out of these 14 Glu(GAA)-tRNA genes were present on chromosome V (576,869 bp), located at positions 177,098 ~ 177,169, 354,930 ~ 355,001 and 487,397 ~ 487-326, and were designated Glu (GAA-1), Glu (GAA-2) and Glu (GAA-3), respectively [29-31, Figure 3 lower panel]. Figure 3 showed that the sequence spectra of these 3 Glu (GAA)-tRNA genes on chromosome V and ATP1 [26] [27] [28] were depicted. The window length of the tRNA gene was 70 nt in the analysis because Glu (GAA)-tRNA genes were composed of 72 nt (bold-black bar in upper panel). In addition, the Glu (GAA)-tRNA spectra analysis used DNA sequences (112 bp) adjoined to the 5'-, 3'-20 nucleotides (green letters) added to these three Glu (GAA)-tRNA genes (72 bp, black letters). As a result, the homology factors (HF) of ATP1 to these three Glu (GAA)-tRNA genes were different; that is, 77.0% for GAA-1, 77.0% for GAA-2 and 88.5% for GAA-3, respectively, although these Glu (GAA)-tRNA genes were all composed of 72 identical nucleotides.
The sequence spectra of ATP1 (1,638 nt) and the nuclear-encoded 14 Glu (GAA)-tRNA (72 nt) were fairly homologous. The red area of the Glu (GAA)-tRNA gene was homologous to the homologous area (purple) of the ATP1 gene (1,638 bp), and the bracket in Figure 3 showed the Glu (GAA)-tRNA gene consisting of 72 bp. The homologous area (red) of the Glu (GAA)-tRNA to the ATP1 gene overlapped with a part of the adjoining sequences of the tRNA-gene (the homologous region of the tRNA gene with the ATP1 gene was also indicated from the red-base to the red base in the lower panel of Figure 3) . In other words, the sequence spectrum analyses based on the frequencies of the base sequences in the genome indicated that the sequence spectrum of the gene might be influenced by the adjoined DNA sequences. The smaller the base numbers of the DNA sequence, such as for the tRNA-genes, the greater these effects.
In the same way, other nuclear-encoded 11 Glu (GAA)-tRNA genes on several different chromosomes were generally homologous to the ATP1 gene on chromosome II, which encoded the subunit of the F 1 F 0 -ATPase complex [26] [27] [28] , but their homology factors (HF) varied. The maximum homologous Glu (GAA) tRNA gene was on chromosome IX (HF = 89.2%, position, 370,414-370,485, Watson-strand) and the minimum was on chromosome VII (HF = 73.8%, position, 328,586-328,657, Watson-strand). These results indicated that the analyses of such small DNA sequences were deeply affected by the adjoining sequences.
Other protein-encoding genes were highly homologous to the appropriate tRNA genes in the yeast S. cervisiae. Similar homology of protein-encoding genes to appropriate tRNA genes in the same organism was observed for other genes in S. pombe and E. coli (data not shown). These results showed that the homologous structures spread consistently from a very small gene (tRNA) to a complete chromosome with the same scale regardless the species.
DISCUSSION
The results obtained in this study might lead to the development of generation-rules for the base sequence of the genome. The reason why genomes possess homologous structure regardless of the size of the base sequence could be related to the physical hierarchy in the structure of the genome, such as the double helix structure of DNA, nucleosome structure, super helix structure, and so on. The phenomenon in which homologous patterns appear in various size levels is known as "self-similarity" or "fractal". Therefore, the structure of the genome could be essentially related to the fractal.
During the 1990s, many papers reported that the genome bases should follow the fractal-rule [15-18 etc] , and Genome Projects for many species had revealed genomic base sequences in the last 10 years. Therefore, analyses of the concrete biological phenomena based on the structures of genomes should be in progress.
In this paper, the analyses of the sequence spectrum, m = 2 for a tRNA, m = 60 for a protein, and m = 8,000 for a chromosome were used. In the case of the sequence spectrum of protein, m = 10 (average of 20 nt) or m = 60 (average of 120 nt) was easier to use for the analysis of the sequence spectrum when the m-value corresponded to 6 ~ 7, or 40 amino acid residues, respectively [32] .
In the case of the chromosome, m was adjusted to 8,000 (average of 16,000 nt = 80 nucleosomes) or 10,000 (average of 20,000 nt = 100 nucleosomes). In any case, the smaller the adjusted m-value is, the higher the resolution of the sequence spectrum. These results suggested that "m" might be reflected in the higher order structure of a molecule, a gene for tRNA, or protein or chromosome, but the detailed biological meaning of the m-value is in progress [33, 34] .
In addition, as described previously, each genetic codon had multiple tRNA genes on several different chromosomes. How were the multiple tRNA genes used properly to construct proteins during the transformation of biological information in organisms? In biological processes, the base sequence of DNA was transcribed to mRNA, and then the base sequence of mRNA was transferred to the amino acid sequence by tRNAs. In such cases, the higher homologous structure (HF) of tRNA genes might be one of the distinctions of an appropriated protein. In other words, the base sequence of DNA was reflected in the amino acid sequence through the base sequence of RNA. Therefore, the above method might be applicable to the interactive-sites of DNA, RNA, and protein. In such analyses, the selection of the d-and p-values might be important to obtain the highest resolution of the sequence spectrum corresponding to the structural features of the target DNAs or proteins.
Genomic DNA might be enlarged and reduced because the base sequence of the genomic DNA had fractality; therefore, it had similarity to related sites and was able to prefer a gene over the chromosome. The codingand non-coding regions of a genome were different with respect to bases as described. As a result, biases of the four bases occurred on genomic DNA [20] .
The analyses based on the appearance frequency of the base sequences in a genome should be universally applicable to everything that was expressed by base sequences, not only in Saccharomyces cerevisiae, but also Homo sapiens, Escherichia coli and all genomes; therefore, this method might be applied as a first screen to characterize interaction-sites in biological phenomena.
CONCLUSIONS
The results obtained in this study were summarized as follows. 1) Homologous structure exists in the appearance frequency of short base sequences such as triplets over an entire chromosome in the genome, and the 5'-and 3'-adjoining base sequences of the DNA were deeply affected by the homology factor when the target DNA was small in size or located at the boundary, 2) homologous structure was universally observed in a variety of species, 3) the homology of the sequence spectrum of a gene was observed in the appropriate tRNA genes, and the analysis (SSM) of the DNA base sequences might be reflected in that of protein; in other words, 4) the SSM might be reflected as a vehicle of biological information, and a suitable prediction method to identify interacting regions DNA, RNA or protein by the appropriate conditions of "m", "d" and "p", in each gene, or genomic DNA, 5) SSM was faithfully reflected the biological information, therefore, the conservation of the bases sequences of genomic DNA were also conserved the translated amino acids sequence, the protein sequence, in the coding region, 6) SSM could deal consistently with molecules that consists of base sequences.
